The hair cells of the vertebrate inner ear posses active mechanical processes to amplify their inputs. The stereocilia bundle of various vertebrate animals can produce active movements. Though standard stereocilia-based mechanisms to promote amplification persist in mammals, an additional radically different mechanism evolved: the so called somatic electromotility which refers to the elongation/contraction of the outer hair cells' (OHC) cylindrical cell body in response to membrane voltage changes. Somatic electromotility in OHCs, as the basis for cochlear amplification, is a mammalian novelty and it is largely dependent upon the properties of the unique motor protein prestin. We review recent literature which has demonstrated that although the gene encoding prestin is present in all vertebrate species, mammalian prestin has been under positive selective pressure to acquire motor properties, probably rendering it fit to serve somatic motility in outer hair cells. Moreover, we discuss data which indicates that a modified α10 nicotinic cholinergic receptor subunit has coevolved in mammals, most likely to give the auditory feedback system the capability to control somatic electromotility.
Introduction
The receptor cells of most sensory organs must amplify their signals to increase sensitivity in order to separate them from noise. In the case of the vertebrate auditory inner ear, sensitivity has been increased by a number of mechanisms, including using the external ear to funnel sounds to the eardrum, all the way to active mechanical processes within the inner ear to amplify their inputs (Ashmore, 2008; Dallos, 2008; Hudspeth, 2008; Manley, 2001) . Thus in the ears of many species, including humans, the threshold of normal hearing lies at sound-pressure levels around zero decibels (0 dB). This level of sensitivity implies that we can hear stimuli down to a limit imposed by thermal vibrations in the ear, indicating the active process's profound capacity for amplification.
The mechanism by which the mammalian inner ear achieved its high sensitivity has been the subject of numerous studies over a long period of time and is still today a field of intense research (Ashmore, 2008; Dallos, 2008; Hudspeth, 2008; Manley, 2001) . Through the measurement of the motion of inner ear components at unphysiologically high sound pressure levels, von Békésy concluded that at threshold and using only passive mechanisms, inner ear sensory cells respond to motions equivalent to the diameter of hydrogen atoms (von Békésy, 1960) . In 1948 Gold had proposed that the inner ear must contain an amplifying mechanism that released mechanical energy into the cellular system to increase sensitivity at low sound levels (Gold, 1948) . It was Kemp in 1978 who demonstrated Gold's prediction when he discovered that sounds were actively emitted by the inner ear when stimulated with brief sound stimuli (Kemp, 1978) . This discovery over the years came to be known as otoacoustic emissions and provided a way to analyze the hearing organ noninvasively both in animals and humans. Davis (1983) suggested that such an active process underlies sensitive hearing and coined the term "cochlear amplifier" as a general designation for the mechanisms that feed mechanical energy into hair-cell motions to strongly increase the cells' sensitivity. In fact, hair cell-possessing vertebrates express an ancient universal mechanism for amplification, based on mechanical feedback by stereocilia (Martin & Hudspeth, 1999) . In addition, mammals posses a second amplifier based on somatic motility of outer hair cells (OHCs) in response to changes in membrane voltage, as originally described by Brownell et al. (1985) . This somatic electromotility is brought about by molecular rearrangements in the motor protein prestin (Zheng et al., 2000) . The present work reviews the evolutionary history of prestin and data which supports the notion that a positively-selected mammalian prestin serves as the motor protein only in mammals. In addition, it reviews work which indicates that molecular components of the medial olivocochlear (MOC) efferent innervation to hair cells were shaped by positive selection in mammals.
Two mechanisms for amplification
The hair cells of vertebrates have a similar structure and transduce mechanical stimuli in the same way. Each of these epithelial cells is surmounted by a hair bundle, an erect cluster of 20-300 cylindrical processes called stereocilia. When sound reaches the cochlea, it elicits mechanical vibrations that are sensed and transduced into an electrical response by motion of the hair bundles of hair cells which contain the mechanically-gated ion channels of unknown primary sequence. At the same time, however, the hair cells perform work by increasing the magnitude of their mechanical input. This amplification of the stimulus constitutes a positive feedback that enhances the sensitivity of hearing by countering the loss of energy through the viscous dissipation that accompanies the motion of hair bundles and other structures through the fluids of the inner ear (Hudspeth, 2008) . It is not the aim of the present work to provide an extensive review of the data regarding cochlear amplification. For a comprehensive overview of this matter see (Ashmore, 2008; Dallos, 2008; Hudspeth, 2008) . Crawford and Fettiplace (1985) showed that stereocilia bundles of turtle hair cells are capable of producing active mechanical reactions to incoming mechanical stimuli as well as spontaneous movements. Numerous follow-up experiments amply demonstrated that the stereocilia bundle of various vertebrate animals can produce active movements (Assad et al., 1992; Howard et al., 1988; Manley et al., 2001; Martin et al., 1999; Martin et al., 2001; Martin et al., 2003; Ricci et al., 2000) . Though standard stereocilia-based mechanisms to promote amplification persist in mammals (Chan et al., 2005; Jia et al., 2005; Kennedy et al., 2005) , an additional radically different mechanism evolved: the so called somatic electromotility which refers to the elongation/contraction of the OHC's cylindrical cell body in response to membrane hyperpolarization/depolarization cycles (Brownell et al., 1985) . Somatic electromotility in OHCs, as the basis for cochlear amplification, is a mammalian novelty and it is largely dependent upon the properties of the unique motor protein prestin (Zheng et al., 2000) . Although we are still left without a clear picture of how these two mechanisms interact, stereocilia and somatic motility could provide alternative or complementary ways for cochlear amplification in mammalian hair cells. Since stereocilia based motility is ubiquitous among vertebrate hair cells, it has the potential to produce amplification in any hair cell. By contrast, somatic motility, is exclusive of OHCs and thus of mammals, and therefore can amplify only in this restricted group of vertebrates. Hence, as proposed by Dallos (2008) , it might be the case that stereocilia motility is the general amplifier and that in mammals somatic processes have evolved to control/adjust the amplifier.
Prestin: the OHC motor protein
Comprehensive reviews concerning the properties of prestin have already been published (Ashmore, 2008; Dallos, 2008; Dallos et al., 2006; Geleoc et al., 2003) . Only some concepts concerning prestin's operation are discussed here.
Based upon the knowledge that only OHCs express the putative gene that codes for the motor protein involved in amplification, prestin was identified using suppression subtractive hybridization PCR (Zheng et al., 2000) . Prestin, encoded by the gene PRES, is the fifth member of the solute carrier anion-transport family 26 (SLC26A5), membrane antiporters that transfer anionic molecules across the cell membrane (Mount et al., 2004) . Although prestin is best modeled as an anion transporter (Muallem et al., 2006) , mammalian prestin does not undergo a full transport cycle . It is an incomplete transporter, failing to unload a bound anion at the extracellular face of the protein .
Prestin is an integral membrane protein, but its structure is not fully agreed upon. The hydropathy plot indicates a protein with a hydrophobic region extending over ~450 amino acids, similar to many transporters of the superfamily (Figure 1 ). It has a relatively short NH2-terminal region and an extended COOH-terminal end. Prestin has a hydropathy plot similar to that of pendrin, another member of the SLC26 family also expressed in cochlear tissue (Lohi et al., 2000) . It is agreed that an even number of helices span the membrane as both NH2 terminal and COOH terminal ends lie within the cytoplasm, established experimentally by tagging the ends and expressing the protein in heterologous systems Zheng et al., 2001) . Subsequent reports have been more definite and identified 12 transmembrane α-helices , 10 alpha-helices inserting across the membrane with 2 nonspanning helices present in the set of helices or 10 transmembrane helices alone (Navaratnam et al., 2005) . Transmembrane region 2 contains the sulfate motif defining the family. The long COOH terminal region from amino acids 496 to 744 contains runs of both positive and negative charges as well as a sequence defined as a STAS domain. When OHC membranes are examined in freeze fracture, densely packed ~11 nm diameter particles are revealed (Gulley et al., 1977) . It is assumed that the particles consist of some multimer of the motor protein inasmuch as the 744 amino acid prestin molecule is too small to produce an 11 nm monomer. Both dimeric (Navaratnam et al., 2005) and tetrameric stoichiometries of prestin have been proposed.
The generation of a prestin knock-out mouse showed that prestin is necessary for electromotility in OHCs and for cochlear amplification (Liberman et al., 2002) . However, this mouse model had some limitations, since OHCs were ~40% of their normal length, inner hair cells (IHCs) and OHCs were absent in the basal turn of the cochlea and mice had age-related hearing loss. These caveats were overcome by generating a knock-in mouse where only two amino acids were mutated in the protein sequence and obtaining the same lack of electromotility and amplification as in the knock-out model , thus again demonstrating the importance of prestin in cochlear amplification mechanisms. It was hoped that the generation of these mouse models would settle the issue of whether stereocilia-based mechanisms or somatic electromotility underlie amplification in the mammalian cochlea. However, as amplification involves some cochlear feedback loop, modifications at any stage will affect the loop's output. Thus if stereocilia processes were the amplifier and somatic motility were to crucially adjust the amplifier's properties, eliminating electromotility could simulate lack of amplification (Fettiplace, 2006) . A limited examination of prestin's role as an operating-point adjustor of the stereocilia amplifier, performed with the aid of another knock-in mouse, suggests that OHC somatic motility does not adjust the operating point of stereocilia-based amplificatory mechanisms (Gao et al., 2007) . Although further experiments are needed in order to elucidate the contribution of sterocilia-vs somatic-based mechanisms for amplification (or the interaction of both processes), experimental evidence clearly demonstrates that the latter plays an important role and that it is based on the motor protein prestin.
Mammalian prestin: a positively-selected protein
Intriguing questions are how this novel mechanism for amplification evolved in the lineage leading to mammals and how the appearance of somatic electromotility is related with the evolution of proteins underlying the functioning of the system. If prestin-driven electromotility was a key step for the evolution of sound amplification (and tuning) in the mammalian ear, prestin should either be a mammalian novelty or mammalian prestin should have acquired new functional features to serve as the OHC motor. In order to begin answering these questions, in a recent study we performed a phylogenetic and evolutionary analysis of the SLC26 super-family in order to establish the context in which prestin evolved (Franchini et al., 2006) .
The analysis showed that PRES orthologs are present in all vertebrate species analyzed, indicating that prestin is not a mammalian exclusive protein. This is in accordance with previous data describing the cloning of zebrafish PRES (Weber et al., 2003) . However, in comparison to other members of the SLC26 family, the high degree of conservation of placental mammal prestin genes is noteworthy. Comparisons of the percentage of protein identity (% ID), defined as the percentage of identical amino acids, among Homo Sapiens prestin with placental mammal and non-mammalian vertebrate prestin orthologs are shown in Table 1 . Whereas human prestin sequence shares a very high % ID (95% and higher) with Mus musculus, Canis familiaris, Eqqus callus and Bos Taurus, there is a significant drop in identity (< 59%) when it is compared to those of non-mammalian vertebrates. In addition, the analysis indicated that mammalian prestin % ID values are the highest among all members of the SLC26 super-family (Franchini et al., 2006) . Moreover, when compared to pendrin, a close related member of the SLC26 superfamily and a protein also involved in proper ear function (Mount et al., 2004) , it is striking that the % ID among placental mammal pendrin sequences are not as high as those obtained for prestin ( Table 1) , suggesting that mammalian prestin has higher selective constraints acting on it. In addition, identity values between mammals/chicken and mammals/frog comparisons are much higher for pendrin than for prestin ( Table 1 ), indicating that more molecular changes accumulated in prestin than in pendrin during the same period of time in the mammalian lineage (Franchini et al., 2006) . Taken together, these results indicate that mammalian prestin had a somewhat different evolutionary history when compared to other members of the super-family, it accumulated more amino acid changes in its primary sequence, most likely to accommodate a novel function.
Making use of the nonsynonymous to synonymous substitution rate ratio Ka/Ks sliding window analysis (Nei et al., 1986) , in conjunction with Codon-based Likelihood Models (Yang, 1997; Yang, 1998; Yang et al., 2002a; Yang et al., 2002b; Yang et al., 2000) , we established that mammalian prestin underwent Darwinian selection and we predicted sites in its primary sequence that have been under positive selective pressure (Franchini et al., 2006 and Figure 1 ). Sites identified are located in some key areas of the prestin protein like the sulfate transport signature, the transmembrane regions (TM1, TM4, TM5) and in the sulfate transporter and antisigma (STAS) domain (Franchini et al., 2006 and Figure 1) . Moreover, PRES has continued to undergo adaptive evolution since mammals diversified, and this appears to be related to the origin of the specialized form of constant-frequency echolocation which is characterized by sharp auditory tuning and high frequency selectivity in echolocating bats (Li et al., 2008) . Evidence of positive-selected amino acids in echolocating bats was found in functionally important regions of prestin including the extacellular loops, the transmembrane domain and the STAS domain (Li et al., 2008 and Figure 1 ). It is interesting to note that some sites co-evolved in echolocating bats and dolphins, suggesting that they could serve an important common function in these two groups of mammals (Franchini and Elgoyhen, unpublished data, and Figure 1 ). In an independent study, using evolutionary trace analysis to identify candidate functional (trace) residues in prestin, followed by mutagenesis analysis (Rajagopalan et al., 2006) , several amino acid residues in the sulfate transport domain were identified and implicated in non-lineal capacitance (accepted as the electrical signature of electromotility). In addition, making use of comparative genomic, evolution, and structural diversification approaches, a putative minimal essential motif for the electromotility motor spanning all transmembrane regions was proposed (Okoruwa et al., 2008) .
The evolutionary analysis clearly indicated that PRES orthologues do exist in nonmammalian vertebrates (Franchini et al., 2006) . Interesting questions are: do nonmammalian prestin properties differ from those of mammalian prestin (to account for the lack of somatic electromotility in non-mammalian vertebrate hair cells), and is PRES expressed in non-mammalian hair cells? Compared with mammalian prestin, charge movements mediated by zebrafish prestin display a weaker voltage dependence and slower kinetics; they occur at more positive membrane voltages, and are not associated with electromotile responses (Albert et al., 2007) . Moreover, although zebrafish prestin is expressed in hair cells, it is distributed throughout the hair cells (Albert et al., 2007) . This subcellular staining pattern contrasts with the exclusive basolateral membrane localization of prestin in mammalian OHCs, but resembles the somatic localization of prestin reported for mammalian vestibular hair cells (Adler et al., 2003) . The lack of membrane localization of zebrafish prestin most likely precludes its function as a molecular motor. Even though nearly the full length protein is required for normal prestin expression and function, some amino acids in the C-terminus between positions 725 and 745 (corresponding to the human sequence) are key for the proper membrane targeting of prestin . Our evolutionary analysis has shown that while the whole C-terminal region is highly conserved among placental mammals, some major changes are observed when compared to chicken, frog and fish orthologues (Franchini et al., 2006) . In addition, within the STAS domain seven strongly positively-selected sites were detected (Figure 1) . Thus, membrane localization of mammalian prestin most likely arose during evolution through the acquisition of positively-selected residues.
In his analysis of the cochlear amplifier Manley (2000) has stated that "evolution is a conservative process. Rather than developing functions or structures de novo, existing structures and processes tend to be modified, sometimes to accomplish new tasks". Although evolutionarily conserved regions are functionally important, molecular innovations that provide adaptive changes are the mechanisms underlying the invention of new protein functions. This has certainly been the case for prestin. Thus, a protein common across vertebrates and expressed in hair cells acquired positively-selected sites in the mammalian lineage. These provided mammalian prestin with new functional capacities. It has been proposed that the voltage sensitivity of prestin may be brought about by the partial translocation of Cl − or HCO3 − , which in turn may trigger the major conformational change that generates electromotility ). On the other hand, prestin orthologs from fish and birds have a full transport cycle (as other members of the SLC26 family), they mediate coupled divalent:Cl − exchange, but lack electromotility. The observation that divalent transport in chick and zebrafish prestin and electromotility in mammalian prestin are blocked by salycilate , together with the fact that electromotility is dependent upon partial anion translocation , has led to the suggestion that the mechanism by which prestin generates electromotility in outer hair cells is evolutionary derived from and mechanistically related to divalent:Cl − antiport .
Medial olivocochlear efferent modulation of amplification
While OHC respond to auditory stimulation and modulate the micromechanics of the cochlear partition independent of CNS control, they are targets of efferent or centrifugal fibers which originate in the brain. The olivocochlear (OC) system is the final common path of descending activity destined for the cochlea, responsible for conveying efferent commands originating in the CNS to the organ of Corti and acetylcholine (ACh) the main neurotransmitter released at the efferent-OHC synapse (Eybalin, 1993; Rasmussen, 1955) . The medial branch of the OC system projects to the OHC region, where MOC terminals synapse directly upon OHC; the lateral branch projects to the inner hair cell region and makes synaptic contacts with the dendrites of the afferent fibers (Guinan, 1996) . Although the role(s) of the efferent innervation to the cochlea is still a matter of debate, the vast majority of efferent effects described to date can generally be ascribed to efferent synapses on the OHC. Efferent activation produces hyperpolarization of OHC (Fuchs et al., 1992a; Housley et al., 1991) , controls the mechanical state of the cochlea, inhibits electromotility and reduces the sensitivity and the tuning of the auditory nerve fibers (Guinan, 1996) . This action by ACh is thought to reflect a modulation of the contribution by OHCs to active cochlear mechanics (Mountain, 1980; Siegel et al., 1982) . It is noteworthy that the developmental appearance of ACh-induced responses in OHCs coincides with the time period when OHCs develop prestin-driven motility (He et al., 1999; Katz et al., 2004) .
Efferent innervation of hair cells is not exclusive to mammals. In fact, it is as old as hair cells themselves (Manley et al., 1998; Simmons, 2002) . However, it is unclear when a population of dedicated auditory efferents first appeared. The primitive efferent innervation most likely synapsed on a range of end organs, both vestibular and, when present, lateral line. The very close association of efferent neurons with the brainstem branchial motor neurons across all vertebrates has led to the proposal that inner ear efferent neurons are phylogenetically derived from the motor column even though they innervate sensory neuroepithelium and not muscle (Meredith et al., 1987) . Moreover, inner ear efferent neurons and motor neurons share a common embryological origin (Fritzsch, 1996; Fritzsch, 1999) . In addition, in the absence of their normal target (after ear ablation), developing inner-ear efferents join the facial motor neurons, presumably reverting to their ancestral condition (Fritzsch, 1999) .
Inner ear efferent neurons in fish and amphibians are organized into a single efferent nucleus, the octavolateralis efferent nucleus, that lies near the rostral end of the facial branchial motor nucleus and innervates auditory, vestibular, and lateral line hair cells (Roberts et al., 1992) . The pattern seen in reptiles and birds also consists of a single, although more diffuse, nucleus near the facial branchial motor nucleus. In birds, inner ear efferent neurons exhibit a greater degree of topographic segregation according to the peripheral end organ innervated (Kaiser et al., 1994; Kaiser et al., 1996; Schwarz et al., 1981) . In mammals, cochlear and vestibular efferent neurons are completely separate and cochlear efferents are divided into the two separate systems known as the lateral and medial olivocochlear systems (Warr, 1992) . Thus, it has been proposed by Manley and Köppl (1998) that the evolution of a sophisticated efferent system exclusive for the modulation of cochlear function was triggered by the division of labor of motor and sensory functions between hair cells that occurred in birds and mammals.
The OHC cholinergic receptor: a peculiar member of the nicotinic cholinergic family
Acetylcholine is the principal neurotransmitter released by MOC terminals (Eybalin, 1993) . While both muscarinic and nicotinic cholinergic receptors (nAChRs) have been proposed to mediate the effects of ACh in the cochlea, pharmacological and electrophysiological data suggest a key role for an unusual, nAChR located at the synapse between efferent fibers and OHCs (Blanchet et al., 1996; Chen et al., 1996; Doi et al., 1993; Dulon et al., 1996; Erostegui et al., 1994; Evans, 1996; Fuchs, 1996; Fuchs et al., 1992a; Fuchs et al., 1992b; Housley et al., 1991) . Although muscle and neuronal nAChRs are excitatory, thus leading to depolarization of postsynaptic membranes (Karlin, 2002) , the hair cell nAChR is unique in that it hyperpolarizes OHCs. Activation of the hair cell nAChR leads to an increase in intracellular Ca 2+ and the subsequent opening of small conductance Ca 2+ -activated K + (SK2) channels, thus leading to hyperpolarization of hair cells and reduction of electromotility (Dulon et al., 1998; Fuchs et al., 1992b; Housley et al., 1991; Oliver et al., 2000) . Calcium-induced calcium-release from nearby synaptic cisterns is also thought to be involved (Lioudyno et al., 2004; Sridhar et al., 1997) .
The cholinergic pharmacology of hair cells differs substantially from that of other cholinergic synapses. The hair cell's cholinergic response can be elicited by ACh but not by muscarine or nicotine. Moreover, nicotine is a weak antagonist of ACh responses (Chen et al., 1996; Dulon et al., 1996; Erostegui et al., 1994; Fuchs et al., 1992a; McNiven et al., 1996) . The reappearance of this unusual pharmacological profile in various end-organs and various species led to repeated proposals that a novel cholinergic receptor might mediate the efferent inhibition of hair cells. This prediction was validated when a novel subunit of the nicotinic receptor family, α9, was cloned (Elgoyhen et al., 1994) . We now know that the nAChR of hair cells is composed of both α9 and α10 nicotinic subunits which assemble into a pentameric structure with a likely (α9) 2 (α10) 3 stoichiometry (Elgoyhen et al., 1994; Elgoyhen et al., 2001; Lustig et al., 2001; Plazas et al., 2005; Sgard et al., 2002) . The properties of recombinant receptors assembled from α9 and α10 subunits (Elgoyhen et al., 2009; Elgoyhen et al., 1994; Elgoyhen et al., 2001; Katz et al., 2000; Rothlin et al., 2000; Rothlin et al., 2003; Verbitsky et al., 2000; Weisstaub et al., 2002) recapitulate those of native receptors, precluding the need of additional subunits.
Positively-selected mammalian α9α10 nicotinic cholinergic receptors
The nAChRs are well characterized transmembrane allosteric proteins involved in the physiological responses to ACh (Changeux et al., 1987) . They are composed of five identical (homopentamers) or different (heteropentamers) polypeptide chains arranged symmetrically around an axis perpendicular to the membrane which line a channel pore (Figure 2A ). The binding of ACh to the N-terminal extracellular portion of the receptor triggers a series of allosteric movements of the protein, with the consequent opening of the pore. Sequence analyses have revealed that the numerous nAChR subunits are homologous proteins that belong, together with the GABA A,C , glycine, 5-HT3, and some invertebrate glutamate receptors, to the "Cys-loop" superfamily of ligand-gated ion channels (Changeux et al., 1987; Galzi et al., 1991) . Each member of this family possesses an N-terminal extracellular domain with the cys-loop: two disulfide bond-forming cysteines separated by 13 amino acid residues. The nAChR subunits genes fall into two main classes: the α subunits (α1-10) which possess two adjacent cysteines essential for ACh binding and the non-α referred to as β, γ, ε, or δ, which lack the double cysteines (Karlin, 2002) . The nAChR vertebrate subunits include the following subfamilies, defined on the basis of protein sequence and gene structure (position of the introns in the coding sequence): subfamily I, epithelial α9 and α10; subfamily II, neuronal α7 and α8; subfamily III, neuronal α2-6 and β2-4; and subfamily IV, muscle α1, β1, γ, δ, and ε (Le Novere et al., 1995; Le Novere et al., 2002; Ortells et al., 1995 , but see also Tsunoyama et al., 1998 , who has suggested alternate subfamilies). These subfamilies of subunits, parallels the subgroups of receptors defined on the basis of biochemical, functional or pharmacological data. Thus, α9 and α10 form homopentamers by themselves and heteropentamers together. Similarly, α7 and α8 make up homopentamers by themselves and heteropentamers together. α2-α6 and β2-β4 are included in a range of complex heteropentamers, mostly present in neurons. Finally α1, β1, γ, δ, and ε form heteropentamers in muscle cells.
This diversity of nAChR subunits is conserved through evolution, and thus it has been hypothesized that the presence of each individual subunit has probably been positivelyselected. As suggested by Le Novere et al (2002) , this is in contrast to the evolution of olfactory receptors where multiple paralogous genes systematically exist, but are often not orthologous between the various phyla (Young et al., 2002) , revealing much higher rates of gene creation and inactivation in the course of evolution. The selective pressures for maintaining such a wide diversity of subunits remains an enigma (Dent, 2006; Le Novere et al., 2002) . Phylogenetic analysis shows that α9 and α10 are direct descendants of the ancestral subunit (Le Novere et al., 1995; Le Novere et al., 2002; Ortells et al., 1995; Tsunoyama et al., 1998) . When expressed in Xenopus laevis oocytes, α9 homomeric and α9α10 heteromeric receptors continue to conserve pharmacological properties typical of GABA A, glycine and 5-HT 3 receptors (Elgoyhen et al., 1994; Elgoyhen et al., 2001; Rothlin et al., 1999; Rothlin et al., 2003) , which suggests that they are primitive members of the Cys-loop family and that they had a very early evolutionary split.
Since cholinergic efferent feedback to hair cells is a common feature among all vertebrates, one would expect that the evolutionary history of the genes coding for the α9 and the α10 subunits would look similar along all vertebrate lineages. A phylogenetic analysis of α9 and α10 subunits across vertebrates has provided surprising results (Franchini et al., 2006) . Thus, in mammals the genes coding for α10 subunits (CHRNA10) display a different evolutionary history. The analysis of the % ID among selected α9/α10 vertebrate orthologues (Table 2) indicates that both placental mammal α9 and α10 subunits show high % ID values. In contrast, the mammalian α9 compared to any non-mammalian α9 renders higher identity values than the equivalent comparison between α10 subunits; e.g., α9 mammals-chicken 74% (on average) vs. α10 mammals-chicken 66% (on average). In addition, it is worth mentioning that the identity between α9 and α10 is much higher for chicken (65%) than for mammals (54%) (Franchini et al., 2006) . These data suggest a possible scenario for the evolution of these nicotinic receptor subunits: after a duplication event that created the CHRNA9 and CHRNA10 ancestors, these two genes co-existed without much functional differentiation. Then at some point, in the lineage leading to mammals, amino acid changes started to accumulate rapidly producing CHRNA10 to diverge from CHRNA9. A Ka/Ks sliding window analysis indicated that this divergence was shaped by positive selection acting only in mammalian CHRNA10 and purifying selection on CHRNA9 genes (Franchini et al., 2006) . Moreover, making use of Codon-based Likelihood Models we predicted sites in the α10 primary sequence which have been under positive selection in the mammalian lineage. Positive selected sites were identified in key residues of the molecule involved in binding of the agonist, gating of the channel and the transmembrane regions (Franchini et al., 2006 and Figure 2B) .
A positively-selected mammalian α10 subunit suggests differential functional properties of mammalian α9α10 receptors. If this is so, why would mammals need a modified α9α10 nAChR? Although there is no clearcut answer to this question at present, the fact that efferent innervation to OHCs has to modulate prestin-driven somatic electromotility, a phenomena not present in non-mammalian hair cells, suggests that the existence of differential properties of a positive selected α9α10 nAChR is not a surprising finding. Thus, mammalian α9α10 receptors would have to provide the necessary signaling cascade to subserve the effects derived from the activation of the efferent system in this group of vertebrates, such as hyperpolarization of the OHC and increase of axial stiffness (Dallos et al., 1997; Frolenkov et al., 2003) through phosphorylation of cytoskeletal proteins (Sziklai et al., 2001) . These phenomena require the increase of intracellular Ca 2+ concentration . Mammalian α9α10 receptors have a very high calcium permeability (Weisstaub et al., 2002) , similar to that of ligand-gated channels bearing the highest calcium permeability, such as the N-methyl-D-aspartate receptors and the cyclic nucleotide-gated channels from bovine retinal cones and olfactory sensory neurons (Frings et al., 1995; Mayer et al., 1987) .
Preliminary data indicates that the calcium permeability of chick α9α10 receptors is low (Lipovsek, Franchini and Elgoyhen, unpublished observations) . This result might indicate differential participation of calcium influx through the nAChR versus calcium release from intracellular stores (Housley et al., 1990; Kakehata et al., 1993; Shigemoto et al., 1990; Shigemoto et al., 1991; Yoshida et al., 1994) , known to participate in the efferent signaling process. Further experiments are underway in order to understand the consequences of positive selected sites in the α10 nAChR subunit.
Conclusion
The specialization of the inner ear has lead to the division of labor in mammals: IHCs for sensory transduction and OHCs for amplification. In addition, a novel mechanism for amplification arose in mammals based on the activity of prestin. This protein acquired motor properties through the acquisition of non-synonymous substitutions in its primary sequence, only in the lineage leading to mammals. In addition, division of labor of motor and sensory functions between hair cells of species like birds and mammals triggered the evolution of a sophisticated efferent system for the modulation of cochlear function. Compared to birds, evolution of the mammalian efferent system included a positively-selected α10 nAChR subunit which most likely rendered an α9α10 receptor with selective advantages to modulate prestin-based somatic motility. Predicted secondary structure and topology of human prestin based on the model previously described by Zheng et al. (2001 Zheng et al. ( , 2005 Zheng et al. ( , 2006 . The location of the 12 transmembrane domains is based on Olivier et al. (2001) and Rajogopalan et al. (2006) . Transmembrane domain 2 in blue contains the sulfate motif defining the family. The properties of the amino acid side chains are indicated by different colors: polar (white), non-polar (blue), acidic (red), basic (green), and cysteine residues (yellow). Mutations utilized to generate knockin mouse models with modified prestin function Gao et al., 2007) are indicated with black arrows. Note that in the model by Gao et al (2007) residues K233, K235 and R236 are intracellular. Positive-selected amino acids in mammals detected by the evolutionary analysis performed by Franchini and Elgoyhen (2006) are highlighted with red circles and indicated with red arrows. Positive selected amino acids in echolocating bats detected by Li et al. (2008) are highlighted by violet circles and indicated with violet arrows. Positive selected amino acids in bats that co-evolved in dolphins display an additional green circle. (A) Schematic representation of the structure of the α9α10 nicotinic receptor, showing the arrangement of the subunits according to the predicted stoichiometry determined by Plazas et al. (2005) . (B) Amino acid sequence and secondary structure of the human α10 receptor (the topology of the predicted α-helical structure of transmembrane regions are not reproduced). The properties of the amino acid side chains are indicated by different colors: polar (white), non-polar (blue), acidic (red), basic (green), and cysteine residues (yellow). Loops A, B, C, and D highlighted in pink correspond to regions involved in agonist binding. The Cys-loop (blue) and the β1-β2 and β8-β9 (green) correspond to regions involved in gating of the channel. Positive selected amino acids in mammals detected by the evolutionary analysis performed by Franchini and Elgoyhen (2006) are highlighted with red circles and indicated with red arrows. Identity values (% identical amino acids) among selected vertebrate PRES and PDS sequences. Table 2 Identity values (% identical amino acids) among selected vertebrate CHRNA9 and CHRNA10 sequences. 
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